F
rancisella tularensis is a Gram-negative, facultative intracellular pathogen and the causal agent of the lethal zoonotic disease tularemia (1) . Two subspecies of F. tularensis are the cause of the majority of human infections. Subspecies holartica is present throughout the Northern Hemisphere and is responsible for the majority of human infections, which are rarely fatal (1, 2) . Subspecies tularensis is geographically restricted to North America, is capable of causing acute disease following pulmonary exposure to as few as 10 CFU, and exhibits a human mortality rate of 30% when untreated (1, 2) . Natural exposure to tularemia is rare and usually is in the form of exposure to infected animals, especially rodents and lagomorphs, or through the bites of blood-feeding arthropods (3) . However, because of its low infection dose and high morbidity and mortality, especially following aerosol exposure, F. tularensis has been designated by the Centers for Disease Control as a tier 1 biothreat agent with high potential for illegitimate use.
It is generally believed that the highly infectious nature of the most virulent forms of F. tularensis results from a combination of successful phagosomal escape and intracellular replication but also the ability to avoid or limit early innate immune detection by the host (4) . The former is dependent on genes contained within the Francisella pathogenicity island (FPI), a cluster of 16 to 19 genes which are postulated to encode a protein delivery system with distant sequence similarities to other known type VI secretion systems (5) . In contrast, the factors that allow this pathogen to avoid early innate immune detection are as yet poorly defined (6) (7) (8) (9) (10) (11) . This has led many investigators to search for a bacterial factor or factors responsible for this early innate immunosuppression. In one such study, Weiss et al. identified mutants of strain F. tularensis subsp. novicida U112 that were attenuated in vivo and also hypercytotoxic in tissue culture (12) . A hypercytotoxic phenotype also results from loss of oppB encoding a putative oligopeptide permease (13) or pepO, which may encode a metallopeptidase (13, 14) . Similar observations were made for live vaccine strain (LVS) deficient in folate metabolism or pseudouridine synthase genes (15) , mviN, a putative lipid flippase (16) , ripA, a cytoplasmic protein of unknown function (17) , and kdhAB, encoding a Kdo hydrolase (18) , or for Schu S4 variants lacking genes involved in lipopolysaccharide (LPS) O-antigen and capsule biosynthesis (19) . One interpretation of these results is that Francisella has the ability to actively limit host cell death and that modulation of these cell death pathways involves a broad number of Francisella gene products. Another possibility is that each of these individual mutations indirectly increases the overall cytotoxicity of the mutant strain for unrelated reasons. Indeed, recent work by Peng et al. (20) has demonstrated that multiple unrelated F. tularensis subsp. novicida U112 mutants, including those lacking genes whose products are involved in LPS biosynthesis or encode membrane proteins, were hypercytotoxic to macrophages in vitro, not because of loss of immune evasion factors but instead to increased intracytosolic bacteriolysis (resulting in the heightened release of pathogen-associated molecular pattern molecules [PAMPs] ). Examination of these strains in vitro revealed aberrant cell morphology during growth in minimal medium (20) , which was similarly reported for wild-type LVS cultivated under certain growth conditions (21) . Ulland et al. reported similar morphological abnormalities and hyperinflammasome activation for an LVS strain deficient in a putative lipid flippase, mviN (16) . In another example, LVS lacking kdhAB, a putative Kdo hydrolase, stimulated tumor necrosis factor alpha (TNF-␣) and interleukin-1␤ (IL-1␤) in a Toll-like receptor 2 (TLR2)-dependent fashion in vivo, owing to increased accessibility of surface proteins, possibly reflecting altered conformation of the outer membrane (18) . Together, these data were interpreted to mean that certain conditions (specific mutations or growth conditions) alter surface characteristics or structural integrity or increase susceptibility to intracellular bacteriolysis in such a way as to promote heightened exposure of otherwise inaccessible PAMPs to germ line-encoded innate immune receptors.
FTT0831c/FTL_0325 encodes a putative lipoprotein and shares significant homology (E values of 2.27E-3 to 4.10E-25 by BLAST) to orthologous proteins of the OmpA-like protein family (22) (23) (24) (25) . Proteins bearing OmpA-like structural motifs typically form tight, noncovalent interactions with the bacterial cell wall (26) (27) (28) and, in some instances, contribute directly to bacterial cell division by forming a dynamic molecular cross-bridge between the cell wall and the outer membrane (29) . FTT0831c/FTL_0325 is not predicted to adopt a porin-like structure and lacks obvious motifs associated with other membrane-spanning proteins such as ␤-barrels. FTT0831c/FTL_0325 was previously reported to contribute to Francisella immune evasion by interfering with cytosolic AIM2 (absent in melanoma 2)-and NLRP3 (NLR-pyrin domain containing 3)-based inflammasome activation and nuclear NF-B signaling (30) . However, this conclusion was based principally on observations of hyper-TLR2-dependent inflammatory stimulation following infection of host cells with FTT0831c/ FTL_0325-deficient bacteria and not on functional studies with FTT0831c protein per se (30) . FTL_0325 was reported to be surface exposed, and the authors observed a modest, non-dose-dependent, effect on NF-B signaling following transfection of FTT0831c DNA into HEK293T cells (30) . However, a precise immune evasion mechanism was not presented. An LVS FTL_0325 mutant was also impaired for virulence in mice and proved efficacious as a live attenuated vaccine to protect mice from Schu S4-mediated death following subsequent intranasal (i.n.) challenge (31), thus suggesting that the inflammatory nature of the LVS FTL_0325 mutant has practical implications as well. We sought here to reevaluate the biological roles of FTT0831c/ FTL_0325 by first constructing deletion mutants in both LVS and virulent Schu S4 backgrounds. Our data support a role for FTT0831c in intracellular survival and murine virulence of Schu S4, but we propose a different model to account for its hyperinflammatory nature. We demonstrate that the loss of FTT0831c/ FTL_0325 promotes profound temperature-dependent defects in cell viability and altered cell morphology during growth in supplemented Mueller-Hinton broth (sMHB) medium in vitro and during cytosolic replication in bone marrow-derived macrophages (BMDMs) in vivo. The latter step precedes intracellular destruction in late forming LAMP-1-positive endosomes in vivo. We present evidence that these temperature-dependent growth defects result at least partly from altered cell division, culminating in the formation of highly irregular enlarged cells. These and other properties-including an unusual LPS O-antigen profile for the Schu S4-based, but not the LVS-based, FTT0831c/FTL_0325 mutants-are more consistent with this protein contributing to maintaining structural integrity rather than acting to subvert the innate immune response directly.
MATERIALS AND METHODS
Bacterial strains and culture conditions. F. tularensis subsp. tularensis strain Schus S4 (CDC1001) was obtained from the Centers for Disease Control and Prevention (Fort Collins, CO) in accordance with all federal and institutional select agent regulations and was manipulated under strict biosafety level 3 (BSL3) containment conditions. F. tularensis subsp. holarctica strain LVS was obtained from Timothy Sellati (Center for Immunology and Microbial Disease, Albany Medical College, Albany, NY) and manipulated under BSL2 containment conditions. For routine cultivation, F. tularensis was grown in sMHB or on supplemented MuellerHinton agar (sMHA) (32) . A modified chocolate agar (CAϩ) agar was used for initial recovery of transconjugates (32) . Brain heart infusion broth was prepared as previously described (33) . Escherichia coli DH5␣ was used for routine plasmid manipulation. E. coli S17.1 was used as a host for bacterial conjugation. Where needed, Francisella growth media were supplemented with 200 mg of hygromycin/liter, 10 mg of kanamycin/ liter, 100 mg of polymyxin B/liter, 25 mg of ampicillin/liter, or 16 mg of vancomycin/liter, or 8% (wt/vol) sucrose. E. coli was grown using LuriaBertani broth or agar further supplemented with 200 mg of hygromycin/ liter, 30 mg of kanamycin/liter, or 100 mg of ampicillin/liter, as required. Owing to a marked growth restriction of Francisella strains lacking a functional FTT0831c gene, all Francisella strains prepared in the present study were routinely propagated at 30°C, except where indicated.
Gene knockout and genetic complementation. Splicing-overlap extension (SOE) PCR (34) was used to generate an FTT0831c or FTL_0325 deletion-insertion cassette in which the majority of the coding region of the FTT0831c (FTL_0325 in LVS) open reading frame (ORF) (encompassing nucleotides 2 to 1168 of the 1,254-bp ORF) was replaced with the flippase recognition target (FRT)-flanked kanamycin resistance cassette (FRT-Pfn-kan-FRT) from pLG66a (35) . Details on the primer pairs used for this construction are available in the supplemental material. Methods for SacB-based sucrose-assisted allelic replacement and subsequent flippase (FLP)-based excision of the FRT-flanked kanamycin-resistance cassette to generate markerless FTT0831c or FTL_0325 deletion mutations (henceforth referred to as ⌬0831 in Schu S4 and ⌬0325 in LVS) were as described previously (32) .
For genetic complementation, the FTT0831c ORF was placed under the control of the Francisella rpsL promoter (P r ) by SOE PCR (34) . PstI and BamHI sites, engineered into the flanking primers, allowed directional cloning of the resultant P r -FTT0831c into plasmid pUC18T-miniTn7T (36) cut with the same enzymes to yield pTP414. Addition of a BamHI-restricted kanamycin-resistance marker from pTP86 allowed selection for integration of the P r -FTT0831c mini-Tn7 transposon at attTn7 (37) after electroporation into the LVS-and SchuS4-based ⌬0831::FRT mutants carrying the unstable helper plasmid pTP181 (32) . The FTT0831c variant lacking the OmpA motif was constructed by inverse PCR of plasmid pTP414 with the primer pair GP276 (TCCCCCGGGTG TTTCGATTAGATCAGGTCCTGTTTGTT) and GP277 (AAAAGTAGA CTTATAGAGCAAATTGATAATATT). GP276 was designed to also carry an engineered SmaI site (underlined) to facilitate religation after PCR amplification and purification. This results in the addition of a single nontemplated proline residue at the site of the Asn67-Leu180 deletion. The addition of the kanamycin selection marker and integration into attTn7 was otherwise as described above. mCherry expressing Francisella were generated by placing a copy of the mCherry ORF under the control of the Francisella rpsL promoter (PrpsL) in a derivative of the stable hygromycin-resistant shuttle vector pMP831 (38) designated pTP266 (see the supplemental material). The resultant vector (pTP388) was introduced into LVS ⌬0325 by electroporation, followed by selection on sMHA supplemented with hygromycin.
Animal care and use. All procedures involving animals were approved by the University of Texas Southwestern Medical Center (UT Southwestern) Medical Center Institutional Animal Care and Use Committee and the Biological and Chemical Safety Advisory Committee. Animals were housed in microisolator cages at the UT Southwestern Animal Resource Center and fed irradiated food and water ad libitum.
Infection of C3H/HeN mice. Female 7-to 8-week-old C3H/HeN mice were used. All animals were housed in BSL3 facilities. Mice were anesthetized with ketamine plus xylazine and infected, dropwise, with 0.02 ml (0.01 ml per naris) for intranasal (i.n.) infections or by injection with 0.1 ml for intraperitoneal (i.p.) infections. Actual infection doses were determined by plating in triplicate onto sMHA and mice were monitored daily for signs of morbidity and mortality. Statistical comparisons were made using the log-rank (Mantel-Cox) test function of GraphPad Prism. For experiments requiring tissue harvest, lungs, spleens, and the left lateral lobe of the liver were aseptically harvested from mice and placed in Whirlpack bags (Nasco, Fort Atkinson, WI) and processed essentially as described previously (32) , except all plates were incubated at 30°C in an atmosphere of 5% CO 2 . This lower recovery temperature was used for all strains to account for the temperature-sensitive phenotype of the Schu S4 ⌬0831 mutant. Growth curves, temperature sensitivity screens, and phase microscopy. Growth of the strains constructed herein was evaluated in sMHB with moderate aeration or on sMHA in an atmosphere of 5% CO 2 . For the former, cells were harvested from the surface of a sMHA plate grown at 30°C in an atmosphere of 5% CO 2 for 72 h and back diluted in sMHB to give a routine starting optical density at 600 nm (OD 600 ) of ϳ0.02 to 0.05. Cultures were either loosely capped (LVS-based) or grown with 0.22-mpore-size filter tops to allow free air exchange. For growth curve analysis, samples were grown as described above, but samples were also recovered at indicated times, serially diluted 10-fold in phosphate-buffered saline (PBS), and spread on sMHA for parallel CFU enumeration. For agarbased temperature sensitivity assays, the cells were grown and prepared as described above to give a starting OD 600 of 0.01. This was serially diluted 10-fold in PBS, and 0.005 ml of the 10 Ϫ2 through 10 Ϫ4 sample was spotted and allowed to dry onto the surface of a sMHA plate. Duplicate plates were incubated at 30 or 37°C in an atmosphere of 5% CO 2 for 72 to 96 h. For broth recovery assays, cells were grown in sMHB as described above at 30 or 37°C with aeration and then back-diluted 40-fold in fresh prewarmed sMHB medium to assess regrowth potential. Growth was monitored spectrophotometrically as the OD 600 .
Fixation procedures and microscopy. Bacterial cells were collected by centrifugation at 16,000 ϫ g for 5 min at room temperature, fixed in 10% buffered neutral formalin (BNF), and stored at 4°C until use. For phase and fluorescence microscopy, cells were immobilized by placing them on a microscope slide with a thin pad of 1% (wt/vol) agarose. Bacteria were observed with a Zeiss Axiovert 200 microscope with a ϫ63 objective. The images were acquired with the AxioCam MRm camera and processed with AxioVision Rel.4.8 software (Carl Zeiss MicroImaging GmbH). In some cases, fixed cells were stained at room temperature with DAPI (4=,6=-diamidino-2-phenylindole) at 1 mg/liter. For Live/Dead BacLight staining (L7012; Molecular Probes), unfixed cells were recovered by centrifugation, washed in 0.85% saline, and stained according to the manufacturer's instructions. Processed images were false colored and merged using ImageJ software (39) . The relative viability of LVS ⌬0325 bacteria by live/dead staining was determined in a fluorescence microplate reader relative to that of suspensions of live and isopropyl alcohol-killed versions of the Tn7 transcomplemented LVS clone (P r -0325 ϩ ). For transmission electron microscopy (TEM), sMHB-grown stationary-phase cells, prepared and fixed in 10% BNF as described above, were washed twice by centrifugation in PBS, and the pellets were suspended in 0. Flow cytometry. Aliquots (0.25 ml) of sMHB-grown stationary-phase cells, prepared and fixed in 10% BNF as described above, were further diluted in 10 ml of PBS and stained with 10 mg of ethidium bromide/liter for 5 min at room temperature or left unstained. Samples were washed twice by centrifugation, as described above, in 10 ml of PBS and suspended in 10 ml of PBS for flow cytometry. For each experiment, DNA content in a population of 200,000 cells was measured in a BD FACSCalibur flow cytometer at the UT Southwestern flow cytometry core. The data were collected and analyzed using FlowJo software (Tree Star, Inc., San Carlos, CA).
Macrophage culture and infection. Bone marrow cells were isolated and differentiated essentially as described previously (40) . Immediately prior to infection, a few colonies from a freshly streaked sMHA plate were suspended in sMHB, and the OD 600 was measured to estimate bacterial numbers. Bacterial suspensions were then diluted in 1 g of glucose/liter in Dulbecco modified Eagle medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 10% L-conditioned medium, and 2 mM L-glutamine, and 0.5 ml was added to chilled BMDMs at a multiplicity of infection (MOI) of 50. Bacteria were centrifuged onto macrophages at 400 ϫ g for 10 min at 4°C, and infected BMDMs incubated for 20 min at 37°C under 7% CO 2 atmosphere, including an initial, rapid warm-up in a 37°C water bath to synchronize bacterial uptake. Infected BMDMs were then washed five times with DMEM to remove extracellular bacteria and incubated for 40 min in complete medium, followed by an additional 60 min in complete medium containing 100 mg of gentamicin/ liter to kill extracellular bacteria. Thereafter, infected BMDMs were incubated in gentamicin-free medium until processing. The number of viable intracellular bacteria per well was determined in triplicate for each time point. Infected BMDMs were washed three times with sterile PBS and then lysed with 1 ml of sterile 1% saponin for 3 min at room temperature, followed by repeated pipetting to complete lysis. Serial dilutions of the lysates were rapidly plated onto sMHA and incubated for 3 days at 37°C under 7% CO 2 before enumeration of CFU. Infection of J774A.1 macrophages with LVS and derivatives was performed as described previously (32) .
Immunofluorescence microscopy. BMDMs grown on 12-mm glass coverslips in 24-well plates were infected, washed three times with PBS, fixed with 3% paraformaldehyde (pH 7.4) at 37°C for 20 min, washed three times with PBS, and then incubated for 10 min in 50 mM NH 4 Cl in PBS in order to quench free aldehyde groups. Samples were blocked and permeabilized in blocking buffer (10% horse serum and 0.1% saponin in PBS) for 30 min at room temperature. Cells were labeled by incubating inverted coverslips onto drops of primary antibodies diluted in blocking buffer for 45 min at room temperature. Primary antibodies used were mouse anti-F. tularensis LPS (US Biological, Swampscott, MA) and rat anti-mouse LAMP-1 (clone 1D4B, developed by J. T. August and obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA). Bound antibodies were detected by incubation with 1:500 dilutions in blocking buffer of Alexa Fluor 488-conjugated donkey anti-mouse and Alexa Fluor 568-conjugated donkey anti-rat antibodies for 45 min at room temperature. Cells were washed twice with 0.1% saponin in PBS, once in PBS, and once in H 2 O and then mounted in Mowiol 4-88 mounting medium (Calbiochem, Gibbstown, NJ). Samples were observed on a Carl Zeiss LSM 710 confocal laser scanning microscope for image acquisition. Confocal images of 1,024 ϫ 1,024 pixels were acquired and assembled using Adobe Photoshop CS3. To quantify the escape of Francisella from its initial phagosome, phagosomal integrity assays were performed as described previously (40) . Briefly, infected BMDMs on 12-mm glass coverslips were selectively permeabilized by incubation with 50 g of digitonin (Sigma)/ml for 1 min at room temperature. Rabbit polyclonal anti-calnexin (Stressgen Biotechnologies) and Alexa Fluor 488-conjugated mouse monoclonal anti-F. tularensis LPS antibodies (US Biological) were delivered to the macrophage cytosol for 12 min at 37°C to label the endoplasmic reticula of permeabilized cells and accessible intracellular bacteria, respectively. The coverslips were then washed, fixed, and processed for microscopy as described above. Bound anti-calnexin antibodies were detected using cyanin 5-conjugated donkey anti-rabbit antibodies (Jackson ImmunoResearch Laboratories), and all intracellular bacteria were labeled using Alexa Fluor 568-conjugated anti-Francisella antibodies. Samples were observed using a Nikon Eclipse E800 epifluorescence microscope equipped with a Plan Apo ϫ60/1.4 objective for quantitative analysis.
RESULTS

Genetic inactivation and complementation of FTT0831c/ FTL_0325.
To gain more insight into the role of FTT0831c/ FTL_0325 in the biology and pathogenesis of F. tularensis, we inactivated FTL_0325 from the LVS and FTT0831c from the Schu S4 backgrounds using homologous recombination with a FRTflanked kanamycin resistance cassette and SacB-assisted allelic replacement, followed by FLP-based excision of the antibiotic resistance marker as described previously (32) . This results in a markerless deletion of FTL_0325 or FTT0831c, respectively, leaving only a short FRT scar behind, which is diagnostic for gene inactivation. To verify that any phenotype resulting from loss of FTT0831c/FTL_0325 was due to absence of the protein and not other unrelated mutations, a modified Tn7 delivery system (32) was next used to insert a wild-type copy of FTT0831c or a variant lacking the canonical OmpA motif [FTT0831c ⌬(Asn67-Leu180)] (Fig. 1A) under the control of the Francisella rpsL promoter (P r ) in attTn7 near the glmS gene (32, 37) . Loss of FTT0831c expression was confirmed by immunoblot of the ⌬0831 and ⌬0325 mutants and restoration of FTT0831c/FTL_0325 expression to slightly elevated levels was observed for the Tn7 transcomplemented clone (referred to here as P r -0831 ϩ and P r -0325 ϩ , respectively) and to levels equivalent to that of wild-type for the variant lacking the ompA motif [P r -⌬(OmpA)] (see Fig. 5A ).
FTL_0325 encodes a bacterial lipoprotein. Although FTT0831c/ FTL_0325 is highly conserved among sequenced Francisella species (Ͼ75% identity, nonvirulent subspecies; Ͼ99% identity virulent subspecies) and bears a highly conserved OmpA structural motif (22) (23) (24) (25) , the remainder of this protein shares much lower overall sequence identity to other proteins in the nonredundant database (data not shown). FTT0831c/FTL_0325 was localized to the outer membrane by sucrose density gradient fractionation and immunoblot (30; G. T. Robertson, unpublished observations) and is predicted to encode a lipoprotein based on the presence of a putative signal peptidase II (SPII) cleavage site and conserved cysteine residue at position 20 in the FTT0831c/FTL_0325 coding sequence (Fig. 1B) . Consistent with this proposal, FTL_0325 was found to partition into the detergent phase of the nonionic detergent Triton X-114 (data not shown), which is thought to solubilize bacterial lipoproteins owing to the amphipathic properties imparted by the covalently attached long-chain fatty acids (41) . To confirm these phase partitioning results, LVS or LVS ⌬0325 were grown in CDM medium and then pulsed for ϳ18 h with the radiolabeled long-chain fatty acid precursor, [ 3 H]palmitic acid. Growth in the presence of [ 3 H]palmitate resulted in the appearance of labeled proteins, but none that obviously correlated with the predicted size (ϳ42 kDa) of mature FTL_0325 (Fig. 1C) . We therefore performed an immunoprecipitation of these labeled whole-cell lysates using anti-FTT0831c sera (␣8) or with control preimmune sera as was previously described (32) . As shown in Fig. 1C , we observed the specific enrichment of a protein corresponding to the predicted size of FTL_0325 in LVS after immunoprecipitation with ␣8 but not after immunoprecipitation with control preimmune sera (Fig. 1C) . As expected, no such band was seen for the LVS ⌬0325 null mutant (Fig. 1C) , which does not produce FTL_0325 protein (see Fig. 5A ). Parallel immunoblots using these same sera confirmed the identity of the precipitated [ 3 H]palmitate labeled protein as FTL_0325 (data not shown). Taken together, these data are consistent with the in silico analyses identifying FTT0831c/FTL_0325 as a lipoprotein. FTT0831c is a required for full lethality and dissemination of Schu S4 in mice. Because FTL_0325 was previously shown to be required for in vivo virulence of LVS in mice (31) and FTT0831c and FTL_0325 were required for intracellular survival of Schu S4 and LVS in vitro (30), we next sought to confirm the role of FTT0831c in F. tularensis pathogenesis by performing i.n. infections of C3H/HeN mice with our Schu S4 ⌬0831 null mutant. Mice were infected dropwise via the i.n. route with the indicated infection dose and monitored for signs of illness or death for up to 3 weeks p.i. (Fig. 2A) . These time-to-death assays revealed significant attenuation of the Schu S4 ⌬0831 null mutant, which was (0325) is indicated with an arrow. The asterisk signifies an unrelated radiolabeled protein present in whole-cell lysates and serves as an internal label incorporation control. Abbreviations: WCL, whole-cell lysate; IP-␣8, immunoprecipitate using rat antiFTT0831c antiserum-coupled Dynabeads; IP-NS, immunoprecipitate using naive rat sera coupled Dynabeads. attenuated at 11,200 CFU (4 of 7 mice survived; P Ͻ 0.001 versus Schu S4) and avirulent at 163 CFU (8 of 8 mice survived; P Ͻ 0.001 versus Schu S4). The wild-type Schu S4 parent was lethal at 120 CFU (0 of 8 mice survived, median survival time, 5 days), which is Ͼ5 times the minimum i.n. lethal dose for Schu S4 in our hands (see Fig. 2A ). Restoration of full virulence was observed for the complemented strain (P r -0831 ϩ ) at 350 CFU (0 of 7 mice survived, median survival time, 5 days; no difference versus Schu S4 and P Ͻ 0.001 versus ⌬0831) but not in an otherwise identical strain expressing a derivative of FTT0831c [P r -⌬(OmpA)] lacking the putative OmpA motif when administered at 1,017 CFU (5 of 6 mice survived; P Ͻ 0.001 versus Schu S4 and no difference versus ⌬0831) (see Fig. 2A ). These data are interpreted to mean that FTT0831c is required for lethal pulmonary infection of type A Schu S4 in C3H/HeN mice and that the OmpA motif is required for FTT0831c to function in this capacity.
Organ CFU burdens in the lungs, livers, and spleens of parallel groups of mice infected with similar infection doses of ϳ10 2 CFU revealed marked differences in the colonization patterns of the tested strains. Whereas increasing concentrations of bacteria were recovered from the lungs, spleens, and livers of Schu S4-infected mice at days 3 and 5 p.i., the Schu S4 ⌬0831 mutant was found at significantly lower levels in the lungs of mice and was cleared by day 35 p.i. (Fig. 2B) . In contrast, little to no detectable Schu S4 ⌬0831 bacteria were detected in the livers and spleens of these animals at days 3 or 5 ( Fig. 2B) , indicating an appreciable defect in either dissemination from the lung, or replication in these more distal tissues. To distinguish between these two possibilities, we performed a second experiment in which eight mice each were infected systemically by the i.p. route with 209 CFU Schu S4, 205 CFU ⌬0831, or 112 CFU P r -0831 ϩ . Infection by this route bypasses the lung barrier and is highly lethal for mice. Indeed, all of the Schu S4-or P r -0831 ϩ -infected mice rapidly succumbed to disease (median survival time, 4 days; no statistical difference between Schu S4 and P r -0831 ϩ ), whereas none of the mice infected with the Schu S4 ⌬0831 null mutant died (P Ͻ 0.001 versus Schu S4 or P r -0831 ϩ ) or showed any outward signs of illness (Fig. 3A) . To this end, whereas Schu S4 and P r -0831 ϩ showed extensive replication and were recovered at equivalent levels to one another in the lungs, livers, and spleens of infected animals on day 3 p.i., the Schu S4 ⌬0831 mutant was detected at low levels in the spleen and was present at, or below, the limit of detection in the lung or liver (Fig. 3B) . Importantly, no net replication was observed in any of these tissues between days 3 and 5 for the Schu S4 ⌬0831 mutant (Fig. 3B) . These data indicate that the defect in systemic colonization of mice by the Schu S4 ⌬0831 null mutant was not the due to an inability to escape the lung per se but instead reflected an inability of this mutant to thrive in these more distal tissues. The Schu S4 FTT0831c mutant hyperstimulates proinflammatory cytokines in the lungs of mice. Infection of macrophages in vitro with LVS lacking FTL_0325 or Schu S4 lacking FTT0831c was shown previously to result in hyperproinflammatory cytokine release in a manner that was dependent on TLR2 (30) . To investigate whether similar responses were observed with our mutant in vivo, we examined cytokine levels in filtered lung homogenates from C3H/HeN mice by using a Bio-Plex Pro mouse cytokine 32-plex assay 5 days after i.n. infection with Schu S4 ⌬0831 or the wild-type parent Schu S4 (Fig. 4) . We elected to examine the cytokine response in lungs at this time because (i) the lung is the site of initial colonization following i.n. infection and (ii), unlike the liver or spleen, CFU differences between these strains were less dramatic by day 5 p.i. in these tissues (see Fig. 2B ). Cytokine quantitation revealed a bipolar response in the lungs of mice 5 days p.i. with Schu S4 or Schu S4 ⌬0831; heightened production of IL-17, IFN-␥, IL-1␣, IL-1␤, TNF-␣, LIF, RANTES, and IP-10 was disproportionately observed for the Schu S4 ⌬0831 mutant compared to the Schu S4 parent, whereas higher levels of G-CSF, MCP-1, IL-10, and IL-5 were detected for the virulent parent versus the attenuated Schu S4 ⌬0831 mutant (Fig. 4) . The complete cytokine profile, including what appears to be a Schu S4-induced "cytokine storm" in the livers, spleens, and sera of these same animals (which were severely ill at this time), is available in the supplemental material. These data are interpreted to mean that i.n. infection of mice with Schu S4 0831 promotes hyperinduction of a unique set of proinflammatory cytokines in lung tissues in vivo and is consistent with limited in vitro and in vivo data published elsewhere (30, 31, 42) .
Altered surface properties of the Schu S4, but not LVS-based, FTT0831c/FTL_0325 null mutants. Hyperproinflammatory cytokine production following infection with FTT0831c/FTL_0325-deficient LVS or Schu S4 variants were previously proposed to result from loss of surface-exposed protein and not heightened release of TLR2 agonists owing to surface changes or loss of structural integrity (30) . Curiously, however, our immunoblots revealed an unexpected loss of high-molecular-weight O-antigen production for our Schu S4-derived ⌬0831 strain, but not the otherwise identical LVS-derived ⌬0325 mutant (Fig. 5A) . This is noteworthy, inasmuch as mutants of F. novicida and F. tularensis lacking key O-antigen biosynthetic genes were previously shown to be hypercytotoxic to BMDMs (19, 20) . In our study, the lack of O-antigen biosynthesis in the Schu S4 ⌬0831 background was fully reversed in the complemented clone (P r -0831 ϩ ) or in a second complemented clone isolated through a separate, wholly independent, transformation experiment (Fig. 5A, left panel) . Further, the expression of a mutant form of FTT0831c lacking the OmpA motif, or the empty vector alone, failed to reverse this defect in O-antigen production. Therefore, although it is currently unclear why the loss of FTT0831c/FTL_0325 affects LPS synthesis differently in these two closely related strain backgrounds, the genetic complementation data indicate that it is the loss of FTT0831c, and not a secondary spontaneous mutation, that results in this LPS O-antigen defect in the Schu S4 background. Importantly, this unusual LPS defect did not impart increased sensitivity to complement-mediated killing to the Schu S4 ⌬0831 mutant; control strains (i.e., E. coli DH5␣ or a spontaneous deep rough Schu S4 isolate) were readily killed by complement-preserved, but not heat-inactivated, human serum (Fig. 5B) .
Deletion of FTT0831c/FTL_0325 alters cell growth and morphology of F. tularensis at physiologic temperatures. Previous studies failed to detect any growth defects of LVS FTL_0325 mutants grown in a variety of liquid media at physiologic temperatures (30, 31) . We elected to investigate this in more detail, since in our hands, passage of either the LVS ⌬0325 or Schu S4 ⌬0831 null mutants on sMHA in an atmosphere 5% CO 2 at 37°C consistently resulted in the appearance of smaller colonies relative to that of the parent or the complemented mutant (data not shown). This phenotype was even more striking for LVS ⌬0325 cells were first diluted in PBS (or sMHB) and spotted onto the surface of sMHA at 37°C in an atmosphere of 5% CO 2 , which resulted in a 2-to 3-log reduction in viability (Fig. 6A) . The Schu S4 ⌬0831 mutant also showed a strong growth restriction and a significant (P Ͻ 0.05, Student t test) reduction in plating efficiency (i.e., 30%) at 37°C (data not shown). The basis for the difference in apparent magnitude of this effect between the LVS and Schu S4 strain backgrounds is at present unknown. However, the effect in both cases was reversed by growth at 30°C or by genetic complementation (Fig. 6A and data not shown) , thus indicating that the growth restriction phenotype is temperature dependent and results from the loss of FTT0831c/FTL_0325 and not polar effects on downstream genes. The presence of the OmpA motif was also required to rescue the temperature-sensitive growth of both the Schu S4 ⌬0831 and the LVS ⌬0325 mutants in vitro, which is interpreted to mean that contact with the peptidoglycan cell wall is required for FTT0831c/FTL_0325 activity in vitro as well (Fig. 6A and data not  shown) .
Surprisingly, no such growth defect was initially evident when LVS ⌬0325 cultures were examined for increases in the optical density (OD) during a single round of aerobic cultivation in sMHB liquid medium at 37°C (Fig. 6B ). This result is in agreement with that reported previously (30, 31) and may partially explain the discrepancy between these two studies. However, in striking contrast to the parent strain or the complemented strain, the LVS ⌬0325 mutant showed no corresponding increase in CFU during peak log phase growth in sMHB (Fig. 6C) . Similarly, both the Schu S4 ⌬0831 mutant and a strain lacking the putative OmpA motif showed a substantial, but somewhat lower, ϳ90% (1-log) reduction in viability during growth to saturation in broth culture relative to the complemented clone or the Schu S4 parent (data not shown). These findings are at odds with that reported previously (30) , where disproportionately elevated log 10 CFU values were reported per OD equivalent when growth was assayed in microtiter plate format and not under typical aerobic broth conditions as used herein. Microscopic examination of these cells after growth to saturation in sMHB under permissive (aerobic growth, 30°C) and nonpermissive (aerobic growth, 37°C) conditions also revealed strikingly different cell morphologies. Whereas wild-type LVS or the complemented mutant were found to exhibit characteristic pleomorphic rod-shaped morphology by TEM (Fig. 6E  and I ), the LVS ⌬0325 cells grown at 37°C were spherical in nature and approximately three to five times the size of the parent or the complemented clone (Fig. 6F) . The spherical forms of the LVS ⌬0325 mutant were often phase bright by standard phase-contrast microscopy (data not shown). No such irregularities were seen for the LVS ⌬0325 cells when cultivated at 30°C (permissive growth conditions) (Fig. 6G) and, importantly, the transition to the larger spherical shape occurred concomitantly with active growth in variant. Anti-F. tularensis LPS O-antigen monoclonal antibody (FB11) or monospecific, polyclonal antibodies to FTT0831c (␣8) or FTT0825c (␣0825) were used to assay LPS O-antigen production, or FTT0831c/FTL_0325 levels, or FTT0825 levels (loading control), respectively, in Schu S4, Schu S4 lacking FTT0831c (⌬0831), the complemented clone (P r -0831 ϩ ), a variant lacking only the putative OmpA motif [P r -⌬(OmpA)], the ⌬0831 variant expressing the kanamycin resistance gene (P g -aphA), or an independently isolated complemented clone (P r -0831 ϩ #8) (left panels) or LVS, LVS lacking FTL_0325 (⌬0325), the complemented clone (P r -0325 ϩ ), or a variant lacking only the putative OmpA motif [P r -⌬(OmpA)] (right panels). (B) Resistance of Schu S4 or derivative bacteria to killing by human serum. Bacteria were incubated for 60 min at 37°C in RPMI containing 10% (vol/vol) fresh human serum (hatched bars) or human serum heat inactivated (solid bars) at 56°C for 30 min prior to use. E. coli DH5␣ and a spontaneous deep rough variant of Schu S4 (rough S4) were used as positive controls for complement-mediated killing. (C) Mutation of FTL_0325 in LVS leads to enhanced accessibility of the bacterial cell surface. F. tularensis LVS, the ⌬0325 mutant, and the complemented clone (P r -0325 ϩ ) were tested for surface binding of anti-F. tularensis LPS monoclonal antibody (LPS) or polyclonal antiFTT0831c (0831), anti-FopA (FopA), anti-EfTu (EfTu) antibodies (ab) in surface accessibility assays (SAA). Bacteria with surface-bound antibodies were lysed, and the proteins were resolved by SDS-12.5% PAGE and transferred to nitrocellulose. Immunoblots were performed using peroxidase-conjugated secondary antibodies to mouse IgG or rat IgG. Reactions with the heavy chain of IgG (IgG HC) and total Tul4A protein levels (loading control) are shown.
broth, since these cells were essentially indistinguishable from that of the parent upon initial inoculation or during early log phase growth (i.e., Ͻ3 doublings) ( Fig. 6H and see Fig. 8A ). Finally, this defect was not unique to LVS, since similar alterations in cell morphology were observed for the Schu S4 ⌬0831 strain (Fig. 6K) or this same strain expressing an allele of FTT0831c lacking the OmpA motif [P r -⌬(OmpA)] when cultivated at 37°C in sMHB (Fig. 6M and data not shown) . Hence, in two different strain backgrounds, the loss of functional FTT0831c/FTL_0325 protein results in highly irregular cell morphology following growth at physiologic temperature in vitro.
Given that cell mass (OD) increased linearly during log phase growth (see Fig. 6B ), but viable CFU did not (Fig. 6C) , we hypothesized that loss of FTT0831c/FTL_0325 was promoting a defect in normal cell division under these nonpermissive growth conditions. Similar results have been reported for mutants lacking other OmpA motif containing bacterial lipoproteins (i.e., Pal) (29) . To assess this directly, we next examined the relative number of genome equivalents (i.e., DNA content) of the LVS parent or the LVS ⌬0325 mutant cultivated under permissive (aerobic growth, 30°C) or nonpermissive (aerobic growth, 37°C) temperatures. If our hypothesis was correct, we would predict a corresponding increase in ethidium bromide fluorescence (i.e., nucleic acid content) equivalent to the overall cell mass increase for an individual LVS ⌬0325 bacterial cell. Indeed, using flow cytometry we observed an ϳ3.7-fold shift in mean fluorescence values for LVS ⌬0325 grown under nonpermissive temperatures, relative to that of the wild-type parent or the LVS ⌬0325 mutant grown under permissive conditions (Fig. 6D) . This observed ϳ3.7-fold-increase in genome equivalents is, in general, in good agreement with the approximately 3-to 5-fold increase in cell surface area observed in TEM, thus supporting our hypothesis that the disconnect in cell mass and cell viability can be at least partly attributed to cell division defects at 37°C resulting from the loss of FTL_0325. Similar increases in ethidium bromide staining (i.e., genomic DNA content) were observed for the Schu S4 ⌬0831 mutant or a strain lacking the OmpA structural motif [⌬(OmpA)] but were restored to wild-type levels in the complemented clone (0831ϩ) (Fig. 6D) .
Intracytosolic growth of the Schu S4 ⌬0831c mutant promotes altered bacterial morphology and eventual killing in LAMP-1-positive vacuoles. To determine the intracellular fate of Schu S4 lacking FTT0831c, we infected BMDM and measured intracellular growth by a gentamicin protection assay and endosomal trafficking using a previously described phagosomal integrity assay coupled to confocal immunofluorescence microscopy of bacterial colocalization with LAMP-1-positive membranes (as a measure of vacuolar versus cytosolic location) (43) . Consistent with previous reports (30), we observed appreciable defects in intracellular replication of the Schu S4 ⌬0831 strain in BMDMs (Fig. 7A) . These defects manifested as a reduced apparent intracellular growth rate, and an appreciable loss of viability between 16 and 24 h p.i. Similar intracellular growth defects were observed for the LVS ⌬0325 strain at 22 h in J774A.1 macrophages (5.9% intracellular survival relative to the LVS parent; data not shown). Hence, our results from both LVS and Schu S4 are wholly consistent with that reported elsewhere (30) . Importantly, these defects were fully reversed in the complemented mutants (Fig. 7A and data not shown). We also show that this defect did not correlate with an inability to escape the phagosome, since the Schu S4 ⌬0831 strain was found free in the cytosol with kinetics that were indistinguishable from that of the virulent parent or the complemented mutant (Fig. 7B) . Consistent with our previous in vitro findings, however, intracytosolic growth of the Schu S4 ⌬0831 strain also resulted in the formation of enlarged irregular cells that stained poorly with anti-O-antigen LPS antibody (Fig. 7C, middle  panels, see insets) . This suggests that, like the situation in vitro, rapid growth of Schu S4 during intracytosolic residence at 37°C was also associated with alterations in cell morphology in vivo and the altered LPS profile affected intracellular staining with anti-LPS antibody. Strikingly, by 16 h p.i. the Schu S4 ⌬0831 cells were observed in association with LAMP-1-positive vacuoles where active bacterial destruction was observed (Fig. 7C, far right panel) . The association of Schu S4 ⌬0831 bacteria with LAMP-1-positive vacuoles corresponded well with the appreciable loss of cell viability observed in gentamicin protection assays (compare Fig. 7A and C, far right panel) and since these same bacteria were previously cytosolic, must mean that the cells had reentered the endocytic pathway, possibly by autophagy (44) , to be destroyed in association with LAMP-1-positive vacuoles. Taken as a whole, these results further substantiate the role of FTT0831c in the pathogenesis of virulent F. tularensis by suggesting an unusual intracellular fate resulting not from failure to escape the phagosome, but rather, altered growth and morphology and subsequent destruction of otherwise replicating intracytosolic bacteria by late-forming LAMP-1-positive vacuoles.
Progressive changes in cell morphology and loss of membrane integrity. Alterations in cell morphology were observed for bacteria lacking FTT0831c/FTL_0325 in vitro in rich media and in vivo in BMDMs at physiologic temperatures. Overall, these changes appeared to result from altered cell division at 37°C that was not similarly apparent at lower growth temperatures in vitro. The most logical explanation would be that these morphological abnormalities were progressive in nature, and not the result of a singular cell wall defect. To determine whether this was true, we examined LVS ⌬0325 cells expressing mCherry for morphological changes over time during active aerobic growth at 37°C in sMHB in vitro. Consistent with our previous studies (see Fig. 6H ), the LVS ⌬0325 mutant initially presented as short, pleomorphic rods (through ϳ3 doublings) (Fig. 8A) , typical of wild-type LVS bacteria (see Fig. 6E ). After 5 doublings, however, cellular abnormalities became apparent, and ϳ33% of the surveyed cells were irregular in nature, which included the appearance of cells with enlarged ends and perpendicular blebs near the cellular midpoint (Fig. 8A) . These changes were progressive, since more than 45% of surveyed cells were irregular after 7 doublings with the initial appearance of large spherical cells at this point (i.e., ϳ9% of cells counted) (Fig. 8A) . After overnight growth (ϳ13 doublings), the majority of the cells were irregular, or more often (i.e., 91% of cells), large and spherical in nature (Fig. 8A) . Taken together, these data indicate that the changes in LVS ⌬0325 morphology are progressive in nature and result in at least two distinct morphotypes during different stages of rapid growth in sMHB medium in vitro.
We next sought to determine whether the LVS ⌬0325 cells grown to saturation were capable of renewed replication upon dilution in fresh medium or whether the spherical cells represented a terminal form of aborted division. Whereas all strains grew normally and were not impacted in further growth upon serial passage at 30°C (Fig. 8B, upper panel) , the LVS ⌬0325 mutant showed negligible increases in OD 600 (i.e., cell mass) upon serial passage at 37°C in two independent experiments (Fig. 8B and C, lower panels). No such defect was observed for the LVS parent or the complemented mutant at 37°C (Fig. 8B, lower  panel) . To ensure that this defect was not simply due to loss of viability upon growth to saturation in sMHB under nonpermissive growth temperatures, we repeated the serial passage studies and recovered cells for CFU enumeration after serial dilution and plating at 30°C. Consistent with our earlier observation ( Fig. 6B and C), we observed an inverse correlation between OD 600 increases and viable CFU counts following growth of the LVS ⌬0325 mutant to saturation at 37°C but not at 30°C (Fig. 8C) . Although similar morphological abnormalities are seen during growth of the Schu S4 ⌬0831 strain in vitro and within macrophages (see Fig.  6K and 7C), it is not yet known whether the Schu S4 ⌬0831-deficient bacteria exhibit a similar fate during serial passage in vitro. However, given the similarities in altered cell division observed between these two closely related species, this seems likely to be the case.
Because these cells appeared morphologically intact, we next used a Live/Dead BacLight bacterial viability staining kit (Molecular Probes) to assess cell viability, and hence, the membrane integrity of individual cells. As shown in Fig. 8D , we observed ap- preciable decreases in viability (i.e., green cells) for individual LVS ⌬0325 cells (50.3% viable) relative to the complemented mutant (Fig. 8D) . The LVS ⌬0325 bacteria were not, however, more susceptible to hydrophobic compounds and detergents (i.e., sodium dodecyl sulfate, ethidium bromide, vancomycin, deoxycholate, gentamicin, and bacitracin) when tested at 5 ϫ 10 5 CFU/ml in microtiter plate-based MIC assays in vitro (data not shown). To investigate this further, we next evaluated the ability of Tul4A antibodies to bind to normally occluded Tul4A at the cell surface of live cells in vitro using a previously described surface antigen binding assay (18) . While LPS was readily detected at the cell surface by mouse anti-LPS (FB11) antibody and Western blotting, FTL_0325, FopA, and Ef-Tu were not detected at the cell surface of any strain tested by Western blotting (Fig. 5C ). In contrast, and consistent with the proposal that loss of FTL_0325 alters surfaceexposed constituents, antibodies to Tul4A reproducibly detected sufficient quantities of this outer-membrane-anchored lipoprotein in the LVS ⌬0325 mutant but not in the LVS parent or the complemented clone (Fig. 5C ). This indicates that loss of FTL_0325 promotes altered cell morphology and loss of viability without obviously compromising cell membrane integrity but instead alters outer membrane envelope structure sufficiently to allow surface exposure (or release) of some normally occluded protein constituents, including those likely to stimulate innate immune receptors (i.e., PAMPs) (Fig. 9) .
DISCUSSION
F. tularensis is considered a "stealth" pathogen, owing to its ability to establish infection without significant early host detection. F. tularensis modifies its Lipid A to avoid immunodetection by pattern recognition receptors (PRRs) such as TLRs (45) . However, the mechanisms by which F. tularensis avoids and suppresses other aspects of the host innate immune response are poorly defined (6) (7) (8) (9) (10) (11) . Surveys for F. tularensis mutants that show heightened cytotoxicity or TLR2-dependent inflammatory responses has led to the identification of multiple unrelated gene products that contribute to this response (15) (16) (17) (18) (19) . Although it is possible that some of the gene products identified are directly involved in subverting host innate immune response, the prevailing model is that these mutations alter the structural integrity of the cell resulting in either increased bacteriolysis during intracytosolic residence (20) or altered cell properties culminating in increased access of PRRs to otherwise inaccessible TLR ligands (18) . One common feature of such mutants is an increase in early host recognition and proinflammatory cytokine response (e.g., TNF-␣ and IL-1␤) but also decreased pathogenesis and reduced bacterial dissemination (16, 18) .
FTT0831c/FTL_0325 was previously reported as a virulence factor for F. tularensis, contributing to intracellular survival and murine pathogenesis (30, 31, 42) . Our studies support and extend these findings by demonstrating that loss of FTT0831c severely impairs murine pathogenesis of Schu S4 and promotes a strong proinflammatory response (i.e., IL-17, IFN-␥, IL-1␣, IL-1␤, TNF-␣, LIF, RANTES, and IP-10) in the lungs of mice following primary pulmonary infection (see Fig. 2A and 4) . We further show that Schu S4 ⌬0831 bacteria show reduced, but significant, replication in the lungs of mice following i.n. infection, but with little to no dissemination or replication in more distal tissues (Fig. 2B) . This may suggest that the early innate immune response to ⌬0831 bacteria is critical in controlling further systemic spread. Indeed, similar results were observed for LVS bacteria lacking the Kdo hydrolase genes kdhAB which elicits a similar strong early inflammatory response in the lung following i.n. infection (18) . Other studies have shown that prior administration of known TLR agonists reduces overall organ burdens and increases survival following subsequent F. tularensis infection (46) (47) (48) . However, other properties likely also contribute to the limited systemic replication of the ⌬0831 bacteria, since the Schu S4 ⌬0831 strain also failed to replicate in the spleens and livers of mice when administered systemically via i.p. injection, which bypasses the lung barrier. This defect is not due to increased susceptibility to complement-mediated killing, inasmuch as the Schu S4 ⌬0831 bacteria were fully resistant to the action of preserved human serum in vitro, despite possessing an altered LPS profile (Fig. 5A) . The basis for the latter difference between the LVS ⌬0325 and Schu S4 ⌬0831 mutants is at present unknown, but our genetic data strongly suggest that the defect is due to loss of FTT0831c and dependent on the OmpAsequence motif and therefore is not due to a secondary spontaneous mutation(s). As such, we favor another model that the elevated temperature of the mouse (ca. 37°C to 39°C) promotes cell division and growth defects similar to that observed during in vitro passage of this mutant at physiologic temperatures in vitro (see Fig. 6K ). Indeed, it is anticipated that the lung growth environment, wherein significant replication of the mutant is observed in vivo (see Fig. 2B ), would be closer to the permissive temperature for the mutant in vitro owing to the cooling effects of ambient room temperature air exchange and respiration. This is further supported by the observation that the mutant is not pathogenic and fails to replicate when administered to mice via the i.p. route (see Fig. 3 ). Further studies would be necessary to fully test this proposal.
One curious difference between our work and that reported elsewhere (30, 31) for an LVS FTL_325 transposon mutant is the apparent lack of acellular growth defects in the latter. In those studies, cell growth was measured during incubation for 36 h in rich or defined medium in microtiter plates at 37°C (30, 31) . In our hands, FTT0831c/FTL_0325 is essential for normal cell growth, division, and viability of Schu S4 and LVS during growth at physiologic temperatures in vitro ( Fig. 6 and 8 ) and during intracytosolic residence in vivo (Fig. 7) . This loss of viability correlated with the appearance of obvious morphological changes, which were both progressive in nature and identical between FTT0831c/FTL_0325 null mutants and variants lacking only the OmpA structural motif. Thus, the OmpA motif is required for normal cellular activity and virulence, leading us to propose that FTT0831c/FTL_0325 activity requires contact with the peptidoglycan cell wall. In contrast, these defects were not observed when these cells were grown at 30°C, possibly reflecting the lower growth rate of cells under these conditions. Although our CFU data clearly indicate some heightened loss of viability with growth of the LVS ⌬0325 mutant to saturation in sMHB at 37°C in vitro, these data are not sufficient to account for the negligible increase in OD observed upon secondary cultivation of these same cells after initial passage at 37°C (see Fig. 8B and C) . Indeed, saturated sMHB LVS ⌬0325 cells passaged once at 37°C could not be recovered by secondary passage at 30°C (i.e., permissive temperature) in sMHB (data not shown). This is instead interpreted to mean that the growth defect resulting from loss of FTL_0325 in vitro leads to a form of terminal cell division block from which further cell growth is inhibited even under otherwise permissive growth conditions. Similar growth defects are observed for E. coli and other Gram-negative bacteria entering into SulA-mediated SOStype DNA repair (reviewed in reference 49).
The role of FTT0831c in the virulence of Schu S4 was confirmed in these studies, as was the hyperinduction of a strong proinflammatory response in the lungs of mice following i.n. infection. This response was not due to differences in bacterial burden, since the numbers of Schu S4 and the ⌬0831 bacteria were similar at that time. In a model presented by Mahawar et al. (30) , it was proposed that the basis for the TLR2-dependent proinflammatory cytokine response from BMDMs following infection with attenuated LVS FTL_0325 or Schu S4 FTT0831c mutants was not due to altered host response to these attenuated pathogens but instead to the physical loss of surface-exposed FTT0831c/ FTL_0325 protein, which in some manner, is proposed to act as a specific innate immune evasion factor. This notion, in and of itself, is difficult to reconcile given that FTT0831c/FTL_0325 would be required to broadly inhibit both nuclear NF-B signaling (30) and cytosolic AIM2 and NLRP3-inflammasome signaling (42) for FTT0831c/FTL_0325 to exert its proposed effects. Further, although FTT0831c/FTL_0325 clearly is outer membrane associated, it likely is tethered via its long-chain fatty acids to the inner leaflet of the outer membrane (Fig. 9) ; lipoproteins are not commonly surface exposed in Gram-negative bacteria, inasmuch as the translocation of lipoproteins to the outer leaflet is not thermodynamically favorable, and thus likely requires a highly specialized pathway that is yet to be characterized. To this end, we failed to detect surface-exposed FTL_0325 in our surface accessibility assays (see Fig. 5C ). Our data thus suggest a different model to account for the hyperinflammatory nature of FTT0831c/ FTL_0325 mutants. First, rescue of in vitro growth at 37°C or in vivo growth in mice requires the OmpA structural motif, which is highly conserved in FTT0831c/FTL_0325 and typically required for noncovalent interactions with the peptidoglycan cell wall. Based on these data alone, it is difficult to understand how these features might contribute to the proposed biological role (30) of FTT0831c/FTL_0325 as a surface-bound (or secreted) innate immune evasion factor, unless some as-yet-unknown alternate processing event results in the release of membrane-bound protein for transport or translocation to the bacterial cell surface. Second, inactivation of FTT0831c in the Schu S4 background results in prominent defect in LPS O-antigen synthesis, which is fully restored when wild-type FTT0831c is expressed in trans. Lastly, FTT0831c/FTL_0325 was required for normal growth at physiologic temperature in rich medium or during intracytosolic residence in BMDMs. These growth defects were accompanied by prominent morphological irregularities that were found to correlate with heightened defects in structural (i.e., membrane) integrity, based on failure to exclude propidium iodide in Live/Dead staining (see Fig. 8D ) or surface accessibility assays (Fig. 5C ) following growth of the LVS-based ⌬0325 mutant to saturation at physiologic temperatures in vitro. Similar structural changes resulting in increased inflammatory properties can arise during growth of Francisella under certain in vitro cultivation conditions (21) or in the presence of a number of genetic mutations (20) . Further, we propose that these growth defects arise due to loss of molecular interactions between the OmpA structural motif and peptidoglycan since mutants lacking this motif phenocopy that of a null mutant. As such, we suggest that FTT0831c/FTL_0325, like other well-characterized OmpA motif-containing proteins (i.e., Pal), acts principally as a structural protein, serving to tether the OM to the peptidoglycan during rapid cell growth conditions in vitro and in vivo (Fig. 9) . Physical contact between OM-anchored FTT0831c/FTL_0325 and the peptidoglycan cell wall would serve to link the two layers together and facilitate normal OM invagination during active cell cytokinesis (Fig. 9 ). Without such interactions, FTT0831c/FTL_0325-deficient bacteria undergo cell division defects and exhibit altered structural properties that are prominent at cell midpoles and termini (the sites of active or recent cell constriction events) and the eventual formation of large round cells during rapid log growth, resulting in release or enhanced presentation of PAMPs (Fig. 9 ) such as Tul4A (see Fig.  5C ). This in turn gives rise to the heightened induction of an inflammatory cytokine response observed in vivo during active bacterial growth conditions (see Fig. 4 ). In contrast, this proposed outer-membrane-peptidoglycan interaction may prove less criti-cal during slow-growth conditions (e.g., 30°C) when alternate cell wall contacts possibly via other OmpA motif-containing proteins (i.e., Pal and FopA) might suffice. Further, given that growth in macrophages resulted in similar altered bacterial morphology followed by subsequent intracellular destruction in late-forming LAMP-1-positive vacuoles, it is possible that autophagy maybe the principal clearance and or detection mechanism for structurally compromised F. tularensis Schu S4. This proposal is consistent with recent observations that nonviable mutants are captured within LAMP-1-positive autophagosomes as a clearance mechanism for damaged cytosolic Francisella (44) . However, based on our data alone, we cannot exclude the possibility that this instead results from hypercytotoxicity of the Schu S4 ⌬0831 mutant toward macrophages in vitro and the release and subsequent secondary engulfment of gentamicin-killed bacteria. Further studies will seek to define the role of autophagy and TLR2 in this response and also the mechanistic basis for the cell division defects associated with loss of FTT0831c/FTL_0325 at physiologic, but not lower, growth temperatures. Such studies will be particularly informative in understanding the role of this protein in biology and cell cytokinesis of this intracellular pathogen.
